Glutathione and L-cysteine, in the presence of rat kidney post-mitochondrial supernatant (S9) fraction, and various forms of active oxygen were investigated for mutagenicity in seven his~ strains of Salmonella typhimurium. Glutathione and L-cysteine showed qualitatively and quantitatively virtually identical mutagenic activities. The number of mutants induced in strain TA97 was 3-4 times higher than in TA100, the strain in which the mutagenicity was originally detected. Mutagenic effects were also observed in strains TA92, TA102 and TA104, but not in TA1535 and TA1537. Hydrogen peroxide, superoxide and glucose/glucose oxidase in the presence and absence of kidney S9 fraction showed pronounced mutagenic effects in strains TA104 and TA102. Additionally, weak mutagenic effects were observed in TA100, while the remaining strains, including TA97, were not responsive. These mutagenicity spectra suggest that the mutagenic species formed from glutathione and L-cysteine are similar, if not identical, and are different from hydrogen peroxide, superoxide and other oxygen species derived from them. Further support for this notion was given when it was observed that catalase did not affect the mutagenicity of glutathione and that superoxide dismutase showed a significant effect only when used in milligram quantities. This study shows that mutagenicity spectra may be useful in the elucidation of activation pathways. Furthermore, it is interesting to note that all the compounds and preparations showing a positive response in the Ames test in the present study occur endogenously in organisms: glutathione, L-cysteine, hydrogen peroxide, superoxide, glucose, glucose oxidase and kidney S9 fraction (which was mutagenic in several strains).
Introduction
There is often a qualitative difference in the pattern of genetic damage which mutagens evoke. Therefore, the relative mutagenic activities of two compounds may depend on the test system used. The variation will be particularly large when indicator systems are used which are based on very specific DNA alterations, as is the case in reversion assays. Therefore, when such assays, e.g. reversion of his~ mutants of Salmonella typhimurium, are employed for the estimation of the mutagenic potential of a substance, it is expedient to use several indicator strains. This disadvantage, when compared with forward mutation assays, is often outweighed by the technical simplicity and the high sensitivity of reversion assays. Furthermore, reversion assays provide information about the nature of the genetic damage. With respect to the risk estimation, this information may be of low value. However, the relative mutagenic activities in a series of indicator strains characterize a compound. A parallel could be made with a UV spectrum. What is characterized in this situation, however, are the ultimate mutagens. Mutagenicity spectra therefore may prove useful in the identification of active metabolites. Although strain-selectivity of mutagens was already known with the introduction of reversion assays using a battery of strains (Ames et al., 1975) , it appears that this aspect has not been exploited so far. Exceptions are previous studies from our laboratory in which quotients of mutagenic effects in two bacterial strains were used in following up the purification of a mutagen from a complex chemical mixture (Glatt et al., 1987) and in the characterization of the metabolic activation of benzo [a] pyrene (Glatt and Oesch, 1986 ). The rarity of such studies is surprising, because physical characterization of ultimate mutagens is often difficult due to their chemical instability and because mutagenicity spectra directly refer to the relevant property of mutagens.
Glutathione and L-cysteine, in the presence of kidney postmitochondrial supernatant (S9) fraction, are mutagenic in S.typhimurium (Glatt et al., 1983; Glatt and Oesch, 1985; Ross et al., 1986; Stark et al., 1987) . Induction of cytogenetic damage in cultured mammalian cells has also been observed with these thiols (MacRae and Stick, 1979; Speit and Vogel, 1982; Thust and Bach, 1985) . However, the active species have not been unequivocally identified. Glutathione and its cleavage products, L-cysteinylglycine and L-cysteine, may react with oxygen in air to form thiyl and superoxide radicals (Misra, 1974; Saez et al., 1982; Hamed etai, 1983) . These radicals are not stable in biological systems and may lead to the formation of secondary reactive species (Aust et al., 1985; Harman et al, 1985; Ross et al., 1985) . Superoxide, for example, may dissociate to hydrogen peroxide and singlet oxygen. In a Fenton type of reaction, superoxide and hydrogen peroxide may then form hydroxyl radicals. Some of these reactions occur spontaneously, others require the presence of transition metals, and a third group depends on the action of specific enzymes. The system is further complicated, as thiols may not only give rise to the formation, but also to the inactivation, of active oxygen. An example is the glutathione peroxidase-mediated reaction of hydrogen peroxide and glutathione to water and glutathione disulfide. While disulfides have been proved to be non-mutagenic (Glatt et al., 1983; Stark et al., 1987) , it has been suggested that thiyl radicals (Glatt et al., 1983; Carter and Josephy, 1986) and active oxygen species (Zeiger etal, 1987) are the mutagens formed from glutathione and L-cysteine. In the present study, the mutagenicity spectra in strains of S. typhimurium were determined for glutathione, L-cysteine, hydrogen peroxide, superoxide and systems generating active oxygen in situ.
Materials and methods

Chemicals
Glucose oxidase (from Aspergillus niger), catalase and superoxide dismutase were purchased from Boehringer Mannheim GmbH, Mannheim (FRG). These enzymes H.Glatt were dissolved and diluted in ice-cold water containing 1 mg albumin/ml. Glutathione, L-cysteine and KO 2 were from Sigma Chemie GmbH, Taufkirchen (FRG). The test compounds were dissolved in water immediately before use. The solutions of the thiols were adjusted to pH 7.0 with dilute NaOH solution.
Bacteria
Bacteria were grown overnight in Nutrient broth no. 2 (Oxoid GmbH, Wesel, FRG), 25 g/1. For inoculation, stock cultures that were stored at -70°C were used. The overnight cultures were centrifuged, resuspended in medium A (1.6 g Bacto nutrient broth + 5 g NaCl/l) and adjusted nephelometrically to a titer of about 2 x 10 9 bacteria (c.f.u.)/ml. In each experiment the presence of the R-factor pKMlOl was ascertained by growing diluted cultures on ampicillincontaining and ampicillin-free, histidine-supplemented agar plates. With strains TA92, TA97, TA100, TA102 and TA104 the numbers of colonies were always virtually identical under the two culture conditions, whereas strains TA1535 and TA1537 grew only in the absence of ampicillin.
Tissue preparations
Male Sprague-Dawley rats (200-300 g) were obtained from Wiga, Sulzfeld (FRG). The kidneys of animals which had not been deliberately treated with an inducing agent were homogenized in 3 vol of sterile, cold KC1 (150 mM), buffered with 10 mM sodium phosphate, pH 7.4. The homogenate was centrifuged at 10 000 g for 10 min. The resulting supernatant, termed S9 fraction, was used on the day of the preparation or stored at -70°C until used.
Mutagenicity assay
A minor modification of the assay described by Ames et al. (1975) was used. Test compound (in neutralized aqueous solution), kidney S9 fraction (equivalent to 100 mg tissue), purified enzymes and bacteria (100 \A of the resuspension) were mixed in a glass tube and incubated for 20 min ('preincubation assay') or 0 min ('standard plate-incorporation assay') at 37°C. Then, 2 ml of 45°C warm soft agar (0.55% agar, 0.55% NaCl, 50 \iM histidine, 50 fiM biotin, 25 mM sodium phosphate buffer, pH 7.4) was added, and the mixture was poured on to a Petri dish containing 24 ml minimal agar (1.5% agar in Vogel-Bonner E medium with 2% glucose). After incubation for 3 days in the dark, colonies (fiis + revertants) were counted.
Calculation of specific mulagenicities
In many instances, the initial part of the dose-response curve in the Ames test is approximately linear. The slope can be used as a measure of the potency of the mutagen and may be calculated by linear regression analysis. Yet, at high dose levels, the slope always declines or even becomes negative, as a consequence, for example, of precipitation of the compound, bacteriotoxicity or saturation of the metabolizing system. It is subjective from which point on the values are rejected from the use in the regression analysis. On the other side, at low doses and low effects, the accidental variation is high. In addition, hyperlinear curves are observed occasionally, possibly due to saturation of detoxification and repair systems. For these reasons, I used the following pragmatic approach for the calculation of a measure of the mutagenic potency. First, mean numbers of colonies are calculated from all plates belonging to the same treatment group. When the number of plates is low (usually three or four), the medians are preferred to arithmetic means in order to avoid a strong influence of single strongly aberrant values. Treatment groups in which the mean value (usually the median) of the number of colonies is less than twice the value of the solvent control are excluded from further processing. In the remaining treatment groups, the number of colonies of the solvent control plates is subtracted. The resulting values are then divided by the dose. For a perfectly linear curve, the quotients obtained with the different doses are identical. In practice this is exactly true only in exceptions. For the reasons mentioned above, i.e. potential hyperlinearity at low dose levels and saturation or decline of the effect at high dose levels, the highest quotient is used as a measure of the potency and is termed specific mutagenicity. It reflects the number of mutations which is induced per dose unit at distribution of the material on an optimal number of plates.
Results and first conclusions Mutagenicity of kidney S9 fraction
The presence of kidney S9 fraction, in the absence of any test compound, led to alterations in the number of revertants with some bacterial strains (Table I) . In strain TA102, kidney S9 was toxic, leading to decreases in colony number and size. This effect was regularly observed in the plate-incorporation assay (experiments being carried out on five separate occasions), but it was less pronounced in the preincubation assay (data not shown). With strains TA92, TA97, TA100 and TA104 the numbers of colonies were increased in the presence of kidney S9 fraction, the absolute increase being strongest in TA104. No effect was observed with strains TA1537 and TA1535. This differential response rules out an unspecific mechanism, as would be the case for example with an increase in the level or uptake of histidine. It appears therefore likely that the increase in the number of revertants is the result of a true mutagenic effect. For example, the kidney S9 fraction may contain mutagenic components or it may metabolically activate constituents of the minimal agar to mutagens. The selective cytotoxicity for strain TA102 is not understood.
Strain spectra of the kidney S9-mediated mutagenicity of glutathione and L-cysteine
Mutagenic activities as a function of the dose are presented in Table II , and the results are summarized in Table III . L-Cysteine and glutathione, in the presence of kidney S9 fraction, showed qualitatively and quantitatively very similar effects. The strongest response was observed in strain TA97 with regard to both the absolute effect and the relative increase above the number of spontaneous revertants. Pronounced effects were observed also with strain TA102, followed by TA92, TA100 and TA104. The effect of glutathione in strain TA104 was striking in that at low concentrations of the thiol the number of mutants was decreased below the spontaneous level, suggesting detoxification of mutagen present in the S9 fraction or in the minimal agar. In strains TA1535 and TA1537, glutathione and L-cysteine neither increased nor decreased significantly the number of revertants.
Strain spectra of the mutagenicity of active forms of oxygen
Hydrogen peroxide and KO 2 , tested in the absence of an exogenous mtabolizing system, showed qualitatively and Table II and from the results of repeat experiments (second number). For glutathione and L-cysteine, data refer to the preincubation assay. Values are maximal ratios of effect (above background) and dose. Where no mutagenicity was observed, the detection limit is given. NT, not tested. b Pronounced deviation of the dose-response from linearity, in that at low doses the compound was non-mutagenic or even ami-mutagenic. C A reproducible positive response was observed, but the effect was too weak for accurate quantification. Graphical display of mutagenicity spectra. The abscissa indicates the strains used (2, TA92; 7, TA97; '0, TA100; '2, TA102; '4, TA104; '5, TA1535; '7, TA1537), the ordinate shows the specific mutagenicities (all panels except E) or ratios of specific mutagenicities (E), the data being taken from Table III . Panels A1-A5 show the mutagenicity of L-cysteine, glutathione, hydrogen peroxide, KO 2 and glucose oxidase respectively, using a linear scale for the ordinate. The scales are chosen so that the size of highest bar is identical for all figures. Hatched bars indicate detection limits. In panels Bl-BS, the same spectra are presented using a logarithmic scale for the ordinate. Detection limits are represented by dotted lines. Panels C and D show the spectra of glutathione (upper trace) and hydrogen peroxide (lower trace), using different units for each compound, such that the trace for glutathione is always above the trace for hydrogen peroxide, except in one strain (TA104), for which the bars coincide. The area between the curves (dotted) then reflects the mutagenicity of glutathione which could not be explained on the hypothesis that its active species is hydrogen peroxide. On the right hand of panels D and E, yardsticks are given for the difference between the mutagenicity explainable on the base of the hypothesis and the non-explainable mutagenicity. The difference spectrum derived from plot D therefore represents the essential information. The identical spectrum is obtained through division of specific mutagenicities of hydrogen peroxide by those of glutathione, using a logarithmic scale for the ordinate (panel E). Dotted parts indicate that the mutagenicity of one compound was below the detection limit. The arrow shows on which side of the curve the true value is located. Double arrows are used with the strains non-responsive to both compounds. This part of the spectrum may be omitted without loss of significant information.
quantitatively similar mutagenicities (Tables II and III) . TA104 was the most responsive strain. Marked effects were observed in TA102 as well. In strain TA100, both compounds regularly produced weak increases in the number of mutants. No mutagenicity was observed in the other strains, including TA97, which was most responsive to the mutagenicity of glutathione and L-cysteine. Similar results were observed when active forms of oxygen were not added exogenously, but were generated in Fig. 2 . Effect of catalase and superoxide dismutase on the kidney S9-mediated mutagenicity of glutathione. Mutagenicity was determined in S.typhimurium TA92, using the standard plate-incorporation assay. S9 was prepared from adult male Sprague-Dawley rats. Each incubation contained S9 equivalent to 100 mg tissue, an NADPH-generating system (2 jimol NADP + and 2.5 /imol gIucose-6-phosphate) and the indicated amount of enzyme. The highest amounts of catalase (50 000 U) and superoxide dismutase (6000 U) correspond to 750 and 2400 /ig protein respectively. Values are means ± SD for three replicate incubations with (•,•, two separate experiments) or without (O) glutathione (27 /imol/incubation).
situ. This was done using glucose oxidase (Tables II and III) , which oxidizes glucose, present in the minimal agar, with reduction of oxygen to hydrogen peroxide. On a molar basis, glucose oxidase was -10 6 times more mutagenic than hydrogen peroxide and KO 2 . Addition of kidney S9 fraction led to a strong decrease in the mutagenicity of glucose oxidase, studied in strain TA104. (This effect is explained by the presence of detoxifying enzymes, e.g. catalase, in kidney S9 fraction). In strain TA97, glucose oxidase remained non-mutagenic, which excludes the conversion by kidney S9 fraction of hydrogen peroxide into a mutagen for strain TA97.
Graphical display of mutagenicity spectra
Mutagenicity spectra may be presented by a series of numbers indicating the specific mutagenicities in the strains used (Table III) . Alternatively, they may be displayed graphically. In the most concrete form, a linear scale is used for the ordinate, which indicates the specific mutagenicity (Figure 1 , panels A1-A5). Adjustment of the spectra to the same reproduction size facilitates the optical comparison. In Figure 1 it is obvious that the spectra Al (L-cysteine) and A2 (glutathione) are similar to each other, but are very different from the spectra A3 (hydrogen peroxide), A4 (KO 2 ) and A5 (glucose oxidase), which in turn are similar among themselves.
The use of a linear scale has the disadvantage that differences in the strains showing low specific mutagenicities are overlooked easily. Thereby, a low-specific mutagenicity may reflect a very clear and sharp effect, particularly in the strains with low spontaneous mutation rates, such as TA1535 and TA1537. This problem, which was not encountered in the present study, can be solved by the use of a logarithmic scale. The additional advantage of this presentation is that no adjustments have to be made in the reproduction. Spectra of the investigated compounds in this form are shown in panels Bl -B5 of Figure 1 . In essence, the same classification can be made as with the linear spectra A1-A5.
Graphical methods can be used to test the hypothesis that compound II is the active species formed from the promutagen I. Thereby it is supposed that the spectrum of compound II is identical when it is added directly to the test system and when it is formed in situ from compound I. In the linear representation, the spectrum of II is then reduced in size to the extent that one of its bars coincides with the corresponding bar of spectrum I, with the remaining bars being equal or smaller than their counterparts of spectrum I. This was done in panel C of Figure 1 using glutathione as the parent compound and hydrogen peroxide as the hypothetical active species. The figure demonstrates that the amount of hydrogen peroxide required to produce the effect in strain TA104 could not explain >90% of the mutagenicity in the other strains (dotted area). Formation of a larger amount of hydrogen peroxide can be ruled out, as the expected response in strain TA104 would then have been stronger than the actually observed one. Therefore, the hypothesis that hydrogen peroxide is the major active form produced from glutathione has to be rejected. In the other case, i.e. when the spectra overlap to large extents, the specific mutagenicities can be used to estimate the amount of compound II metabolically formed from compound I. (This requires that both compounds are tested under the same experimental conditions, in particular in the presence of the same metabolizing system.)
The same graphical test as in panel C of Figure 1 can be made using logarithmic spectra (Figure 1, panel D) , with the advantage that no adjustments of the reproduction sizes are required. The essential magnitude is the variation of the distance between the traces. A spectrum of this value therefore may be made. The equivalent spectrum is obtained when the specific mutagenicities of one compound are divided by the specific mutagenicities of the second compound (Figure 1, panel E) . The vertical expansion in this spectrum has to be compared with the accidental variation in the determination of the specific mutagenicities. In the example shown, the factor for the vertical spread of the spectrum is 30 and my estimate for accidental influence is a factor of <3.
Interactions of thiols and hydrogen peroxide in mutagenicity experiments
For further clarification of a role for hydrogen peroxide in L-cysteine and glutathione mutagenicity, glucose oxidase and the thiols were tested for mutagenicity in the presence of kidney S9 fraction, not only individually, but also in combination (Table IV) . TA97 and TA104 were used, which are the strains most responsive to the thiols and the active oxygen species, respectively. In accordance with the results of the preceding experiments, glutathione and L-cysteine, tested individually, were mutagenic in both strains, with the effect being stronger in TA97. Conversely, glucose oxidase was mutagenic in strain TA104 only. The positive result in TA104 implies that hydrogen peroxide was formed at appreciable levels. Addition of glucose oxidase to plates in which glutathione or L-cysteine were investigated for mutagenicity, resulted in a decrease of the effect, implying that not only hydrogen peroxide itself, but also potential reaction products of hydrogen peroxide with the thiol can be ruled out as the active species of the thiols. This is particularly well seen in strain TA97, in which glucose oxidase was not mutagenic. In strain TA104, where both glucose oxidase and the thiols were active, these mutagens inactivated each other. The number of revertants in cultures exposed to both glucose oxidase and glutathione was even below the value of the untreated control cultures. It is reasonable to assume that the thiols and hydrogen peroxide reacted to disulfides and water. The decline of the mutation rate below the spontaneous value is consistent with the above-described effect of low concentrations of glutathione on the mutagenicity of kidney S9. Effect of catalase and superoxide dismutase on the kidney S9-mediated mutagenicity of glutathione Addition of catalase had no significant effect upon the kidney S9-mediated mutagenicity of glutathione (Figure 2) . Addition of superoxide dismutase reduced the mutagenicity by up to 40% (Figure 2) . However, effects were only seen when extremely high amounts of the enzyme (0.4-2.4 mg/plate) were used. Therefore it is possible, even probable, that an unspecific mechanism was responsible for the effect.
Discussion
Hydrogen peroxide, superoxide and species derived from them cannot explain the mutagenicity of glutathione and L-cysteine in the present study since (i) the addition of catalase did not significantly affect the mutagenicity of glutathione, and superoxide dismutase showed an effect only when used in excessive doses; (ii) the addition of a hydrogen peroxide-generating system reduced the mutagenicity of glutathione and L-cysteine. This effect would be difficult to explain if hydrogen peroxide were the active species formed from the thiols; and (iii) there were substantial differences between the bacterial strains in the effects evoked by the thiols and the active oxygen species.
The last chain of the argument is based on mutagenicity spectra. The underlying idea is that an ultimate mutagen should show the same specificity independently of whether and how it is formed in situ, or whether it is added directly to the test system. One of the requirements may be that the toxicokinetics with the various indicator organisms should be similar, as is expected to be the case for sister strains of S.typhimurium. As with UV spectrum, the structure of the ultimate mutagen cannot be deduced directly from the mutagenicity spectrum. Comparisons with reference compounds have to be made, whereby only non-identity in the active species (including modulators of mutagenesis) can be inferred with certainty. This is even more the case with mutagenicity spectra than with UV spectra, since the recording accuracy is much lower. Nevertheless, the investigated mutagens could be classified easily into two groups according to their mutagenicity spectra. Glutathione and L-cysteine on the one hand, and hydrogen peroxide, KO2 and glucose oxidase on the other hand showed very similar mutagenicity spectra, but the differences between these groups were large. As mentioned above, I conclude from these results that active oxygen does not account for the mutagenicity of the thiols. In addition, the results support, but do not prove, the notion that glutathione and L-cysteine are activated to the same ultimate mutagen (as would for example be the case if degradation of glutathione to L-cysteine preceded its activation). The same appears to be true for hydrogen peroxide and KO 2 . The latter compound for example may disproportionate to O 2 and hydrogen peroxide, spontaneously in the medium and/or through the action of bacterial superoxide dismutases.
The findings in this study are in contrast to a previous report by Zeiger et al. (1987) who postulated that hydrogen peroxide is the (pen)ultimate mutagen of glutathione. These authors, however, may have used different assay conditions. In particular it appears that they conducted the critical experiments with strains TA100 and TA102 (see also Stark et al, 1987) , whereas my conclusions chiefly refer to the effects with strains TA97, TA104 and TA92.1 cannot rule out a contribution of hydrogen peroxide to the mutagenicity of the thiols. However, in strain TA97, in which L-cysteine and glutathione are very effective mutagens, this contribution appears to be negligible. And since the thiols elicit stronger responses in strain TA102 than in TA104, whereas the reverse is true for the active oxygen species, a substantial fraction of the thiol mutagenicity in TA102 cannot be explained by these oxygen species. Even in TA104 active oxygen may not be important for the thiol mutagenicity, as is indicated by the neutralization of the effects in the co-exposure experiment.
The mutagenicity spectrum of the kidney S9 fraction was similar to those of the active oxygen species. Moreover, the addition of low concentrations of glutathione suppressed this mutagenicity. Both findings argue in favour of the hypothesis that the mutagenicity of the S9 fraction may be due to the formation of small quantities of active oxygen.
All compounds and preparations showing a positive response in the Ames assay in this study occur endogenously in mammalian and/or microbial organisms, some of them in high concentrations. Such findings would have been unbelievable ten years ago, when the impression was prevalent that mutagenicity is a relatively rare property of chemicals. The widespread use of sensitive test systems has shown that this notion is not true. On the contrary, results indicate that DNA as a large molecule with its high information density may be easily damaged by many kinds of reactive chemicals. Chemistry, including biochemistry, is not possible without minimal reactivity of intermediates. Intrinsically, systems must have evolved which could deal with the reactivity of the intermediates, e.g. compartimentalization, detoxification, repair. In perturbed systems, such as the Ames assay, protective systems may be lost. It is conceivable that in vivo deficiencies in the protective systems against endogenous reactive chemicals may occur as a consequence of genetic defects, through interference by certain foreign chemicals, in tissue injuries and under other extreme physiological conditions. However, the relative importance of endogenous chemicals, as compared to xenobiotics, in mutagenesis is not known. At present, appropriate methods for such investigations even appear to be missing.
The speculation about endogenous mutagens is only a minor aspect of this study. The major point is the presentation of mutagenicity spectra and the appraisal of their use in studies on the metabolic activation of mutagens. In the present study I demonstrated by this means that hydrogen peroxide, superoxide and other oxygen species derived from them can account at most for a very minor portion of the kidney S9-mediated mutagenicity of L-cysteine and glutathione, whose active species furthermore were shown to be very similar, if not identical.
